Experiments were conducted in which -mannose was supplied to mature Beta vulgaris L. (sugar beet) leaves, via the transpiration stream, to perturb photosynthetic carbon allocation by sequestering cytosolic Pi. Biochemical and enzymic analyses conducted on this tissue indicated that nannose 6-P was present, that it was only slowly metabolized, and that after a 24-hour pretreatment sugar metabolism was slightly perturbed. However, sucrose retrieval by the mesophyll tissue was greatly impaired in 24-hour mannose-pretreated tissue, a response which was due in part to mannose acting as an osmoticum. Inhibition of glucose, fructose, and arginine uptake into mannose-treated sugar beet leaf discs indicated that mannose may elicit a general perturbation of all membrane transport processes. This conclusion was supported by our frmding that sucrose efflux was increased from mannose-treated tissue. Analysis of adenine nucleotide levels showed that whereas these levels declined over the first 3 to 6 hours of the mannose treatment, by 24 hours they had recovered to near control values. Similar experiments conducted on Nicotiana rustica indicated that whereas mannose 6-P was present in mature leaves, it remained at a much lower level than that found in sugar beet. Sucrose uptake into N. rustica was insensitive to mannose pretreatment. However, glucosamine treatment, which is also thought to sequester cytosolic Pi, inhibited sucrose uptake in both N. rustica and B. vulgaris. Further, experiments conducted on N. tabacum L. var Xanthii showed that mannose caused an inhibition of sucrose uptake, indicating that a range of sensitivity to mannose exists between closely related species. These results are discussed in terms of possible mechanisms of inhibition.
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only slowly metabolized (10, 16, 23) . Since the transport of Pi between the vacuole and cytosol is thought to be slow (23, 27 ; but see Ref. 16 ), the addition of mannose effects a sequestration ofcytosolic Pi (5, 13 ; but cf Ref. 16 ). Inhibition ofsugar transport by mannose has been previously documented, e.g. glucose uptake into (15) and sucrose storage in corn scutellum (9) are both inhibited by mannose treatment. The work conducted on corn scutellum indicated that mannose treatment reduced the ATP level in this tissue, and Humphreys postulated that this may have a significant role in the inhibitory response of the tissue to mannose (see also [28] ).
In the present study, we further investigated the effect of mannose on the transport of sucrose, glucose, fructose, and arginine into mature leaftissue ofsugar beet. Our results indicate that the inhibition of plasmalemma transport is not limited to sucrose as the influx of these other substrates was also reduced. Furthermore, the inhibitory aspects of mannose cannot be explained by a reduction in adenine nucleotide levels alone since, after a 24 h mannose pretreatment, these levels recovered to near-control values. Since tobacco has been reported to be able to metabolize exogenously supplied mannose (5, 12, 13, 20) , we selected two species of Nicotiana, N. rustica and N. tabacum, to form a comparative basis for this study. We found that whereas sucrose influx into N. rustica was completely insensitive to mannose pretreatment, transport into N. tabacum was inhibited. Glucosamine pretreatment inhibited sucrose influx into N. rustica and sugar beet. Collectively, these studies implicate a role of cytosolic Pi in the regulation of transport across the plasmalemma.
In a recent study on the regulation of sucrose transport across the plasmalemma ofsugar beet mesophyll cells, we used mannose to alter the partitioning of carbohydrates between the cytosol and the chloroplast. In sugar beet, mannose did not reduce the sucrose level in the manner expected from reports in the literature (5, 10, 13, 14) ; however, it did cause a reduction in exogenous ['4C]sucrose influx. In addition, mannose pretreatment prevented, in some way, the change in partitioning of exogenously supplied ['4C]sucrose, which was found to occur following the removal of sink activity (31) . These findings suggested that further studies, using mannose as an experimental treatment, may provide information on both the regulatory mechanisms involved in transport at the plasma membrane and carbohydrate allocation in relation to 'phloem loading.'
It is generally accepted that in species lacking mannose isomerase, mannose is able to reduce cytosolic inorganic phosphate (Pi) levels by phosphorylation to mannose 6-P, which is then ' Sugar, Starch and Mannose 6-P Analysis. Sugars and starch were extracted from leaf tissues and analyzed using the procedures and protocols described by Wilson and Lucas (31) . Mannose 6-P was extracted according to the procedure of Herold et al. (14) . The extraction procedure was similar to our sugar protocol (31) , except that 20 leaf discs were used and the ethanol extractions were followed by two extractions using hot water. The extracts were evaporated to dryness under a stream of nitrogen gas and stored at -70°C until assayed (1-2 d).
To assay the extracts for mannose 6-P, the samples were first rehydrated to 0.5 ml, and 50 ,l of this sample was added to a 13
x 100 mm culture tube containing 2.82 ml of 50 mm HepesNaOH buffer (pH 7.6), 100 ,l of NADP (12 mM), and 10 ,l each of glucose 6-P dehydrogenase (G6PDH, 340 units ml-'), phosphoglucose isomerase (PGI, 580 units ml-'), and phosphomannose isomerase (PMI, 140 units mlr'). This (Fig. 3) . Hence, the inhibitory influence of mannose appears to be related to either a general cellular-or membrane-related phenomenon.
Adenine Nucleotide Levels Affected by Mannose Pretreatment. It has been suggested that mannose may reduce sugar transport into cells through its sequestration of cytosolic Pi. This removal of Pi would reduce the level of ATP available for membrane transport. To investigate this hypothesis, we analyzed the levels of adenine nucleotides in mannose-treated and control tissue over a 24-h period (Table I ). We found that leaves which had been pretreated with mannose for 3 h contained lower levels ofAMP, ADP, and ATP compared with control leaves. However, after 24 h, the adenine nucleotide levels in the mannose-treated leaves had recovered to near-control values while, during this period, membrane transport activity continued to decline. It would appear from these data that mannose is acting by some other means to inhibit membrane transport.
Mannose 6-P Levels in Maznose-Pretreated Leaves. It is possible that the mannose-induced inhibition of membrane transport is related to either the sequestration of cytosolic Pi or the subsequent formation of mannose 6-P, per se. To examine this possibility, we sampled control and mannose-treated leaves at various intervals over a 24-h experimental period and determined the mannose 6-P levels. We were unable to detect mannose 6-P in control leaves, but in mannose-treated leaves, the mannose 6-P levels progressively increased throughout the light period and then decreased during the subsequent dark period (18 h) (Table II) . During the following light period, the mannose 6-P level returned to the pre-dark value. These data indicate that Beta vulgaris is capable of metabolizing mannose 6-P, although the rate appears to be too low to prevent its accumulation in this tissue.
Effect of Mannose on Nicotiana. Having characterized the effect of mannose on sugar uptake in B. vulgaris, we selected two species, N. rustica and N. tabacum, for study, since Nicotiana has been reported to be mannose-tolerant.
In contrast to sugar beet, sucrose transport into N. rustica leaf discs was unaffected by mannose pretreatment (Fig. 4A) (Table III) . We also measured the mannose 6-P levels in N. rustica leaves after 24-h control and mannose treatments (Table II) . Although we could detect the presence of mannose 6-P in leaves of N. rustica treated with mannose, the levels were lower than those found in B. vudgaris after 3 h of mannose treatment. Either N. rusuica is capable of metabolizing mannose 6-P more quickly than sugar beet, resulting in lower mannose 6-P levels, or the lower levels of mannose 6-P reflect slower uptake of mannose into tobacco mesophysl tissue. The second possibility is supported by slower uptake of sucrose (Fig. 4A) (Fig. 5) . However, the extent of glucosamine-induced inhibition was not as severe as that observed with sugar beet (Fig.  5) .
Effect of Mannose on Sucrose Efflux. Herold (11) suggested that mannose had marked effects on the membrane permeability of spinach beet leaf tissue. We performed efflux studies in order to determine if sucrose efflux was also affected in sugar beet. The effect of a 24-h mannose pretreatment on ['4C]sucrose efflux is presented in Fig. 6 
DISCUSSION
In the present study, we used mannose and glucosamine to probe the regulatory processes involved in sugar transport into mature leaf tissues of sugar beet and tobacco. Mannose has been used in various plant systems as a tool to investigate the role of cytosolic Pi in regulating various aspects of photosynthetic carbon metabolism (8, 10, 13, 30) . It is currently accepted that mannose sequesters cytosolic Pi through its reaction with Pi to produce mannose 6-P, via hexokinase. Many plant tissues either lack phosphomannoisomerase, or this enzyme is compartmentalized such that mannose 6-P is metabolized very slowly (10, 23) . In our experiments, mannose pretreatment caused a dramatic perturbation of sugar influx into mesophyll tissue of sugar beet plants. Mannose pretreatment resulted in a progressive decrease in sucrose uptake over a 24-h period (31) . Further studies revealed that uptake of both glucose and fructose was also reduced, indicating that the mannose effect may be a consequence of a more general phenomenon. This interpretation is supported by the observation that arginine uptake was similarly affected.
Consistent with this view is the observation that mannose also influenced sucrose efflux from sugar beet leaf discs. Our experi-'ients indicate that both the plasmalemma and tonoplast are Sfected by mannose, as the half-times for sucrose efflux from both cytosolic and vacuolar compartments were decreased relative to control values. Although some caution is needed in the interpretation of the efflux data obtained in this manner (4), we Table I . Adenine Nucleotide Levels in Mannose-Treated Sugar Beet Leaves Leaves were excised at the base of the petioles while the crown of the plants was submerged underwater. The petioles were either placed in 10 mM mannose or distilled water (control) before being returned to the controlled-environment chamber for the times specified. Adenine nucleotide levels were determined by HPLC. None  259  419  802  1471  3  Mannose  176  251  349  776  Control  314  329  832  1475  6  Mannose   223  235  368  826  Control  294  350  839  1483  24  Mannose  373  386  677  1416  Control  269  302  736  1306 Table II . Mannose 6-Phosphate Levels in Mannose-Treated Sugar Beet and Tobacco Leaves
Leaves were excised at the base of the petioles while the crown of the plants was submerged underwater. The petioles were either placed in 10 mm mannose or distilled water (control) before being returned to the controlled-environment chamber for the times specified. Experimental treatments were started 3 h into the photoperiod; the controlled-environment chamber was programmed for a 16-h light:8-h dark cycle. Mannose 6-P levels were determined by enzymic assay. feel our interpretation of the data as representing efflux from a three-compartment model is justified (at least to a first approximation) by a comparison of plots of log Qt and log Qt/dt versus time as suggested by Cram and Laties (7) and further emphasized by Kochian and Lucas (17) .
By extrapolating the efflux curves to t = 0, we were able to estimate the relative amounts of radiolabel present in the vacuolar and cytosolic compartments. At the end of a 30-min uptake period only 5% of the label resided in the 'cytosolic compartment' of sugar beet source leaves. This result is similar to the findings of Thom et al. (29) for their study of efflux of sugars from cultured sugar cane suspension cells. They reported that while most of the label was in the cytoplasm following the initial minutes ofuptake, the majority oflabel was subsequently located in the vacuole. However, after mannose pretreatment, 25% of the ['4C]sucrose was located in the cytosolic compartment of the sugar beet leaf. Evidently, mannose may either directly or indirectly affect the partitioning of sucrose between the vacuole and the cytosol.
An important aspect of the mannose effect on sugar uptake was the difference in the pattern of inhibition displayed by sucrose, glucose, and fructose. Although uptake of sucrose was reduced by mannose pretreatment, the resulting kinetic profile demonstrated that influx was still mediated by both the firstorder and saturable components. However, for fructose and glucose, mannose pretreatment completely inhibited the saturable transport component; influx was mediated solely by the firstorder component. Perhaps there exists a basic difference in the regulation of the various sugar-transport systems.
Previous investigators have documented reduced synthesis of ATP upon the addition of mannose and have used this finding as a basis to explain their observations (9, 28) . In the present study, we found that mannose addition reduced adenine nucleotide levels when measured after 3 h and that this correlated with decreased sugar influx. However, after 24 h, adenine nucleotide levels recovered to near control values, while sugar transport activity continued to decline. Based on this finding, we feel the explanation for our observed mannose response must lie else-
where.
An interesting outcome of this study was the discovery that two closely related species of Nicotiana differed widely in their prevented the induction of methyl-glucose transport into Pelargonium leaf discs. Application of lithium to discs that had undergone transport induction caused a large reduction in transport capability. In Ipomoea, the lithium inhibition of sucrose retrieval can be reversed by the addition of myo-inositol (MA Madore, personal communication mM Mes (pH 5.0) and enough mannitol to achieve 500 mOsm. The data are plotted as the logarithm of cpm remaining in the tissue (Q,) versus time. The slowest effluxing component (vacuole) was extrapolated to zero and subtracted from the overall curve. The insets represent cytoplasmic efflux from control (A) and mannose-treated (B) tissues. The half-times for exchange of the cytoplasmic compartment was 40.5 and 18.5 min for control and mannose-treated tissue, respectively.
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